Background-The purpose of this study was to investigate the impact of surgical intervention on detection of circulating tumor cells (CTCs) in patients with squamous cell carcinoma of the head and neck (SCCHN.) 
INTRODUCTION
Cancer of the upper aerodigestive system is estimated to have 59,340 cases in the United States in 2015 and comprise 3.5% of all cancers. 1 Squamous cell carcinoma of the head and neck (SCCHN) makes up approximately 95% of these tumors. Despite medical advances, the overall 5-year survival rate of approximately 50% has not changed significantly over the last several decades. [2] [3] [4] Studies in other solid cancers, such as breast, 5 prostate, 6 lung, 7, 8 and colon cancers, 9 have shown that the presence of circulating tumor cells (CTCs) that disseminates from the primary tumor has prognostic significance, and this dissemination may be an important step in hematogenous metastasis. We have demonstrated that CTCs can be detected in the peripheral blood of patients with SCCHN and the presence of CTCs correlated with reduced short-term disease-free survival. 10 Before our studies, Partridge et al 11 used a similar negative depletion technology and found that detection of disseminated tumor cells in patients with SCCHN correlated with a higher risk of local/distant recurrence as well as reduced survival. 11 In inoperable SCCHN, the presence of CTCs has been linked to regional lymph nodal staging of 2b or higher. 12 To date, the presence of lymph node metastasis in SCCHN is the most predictive prognostic factor that impacts survival. 13, 14 Beyond basic enumeration of CTCs in a patient's blood, it has also been reported that CTCs may appear in the blood stream because of mechanical manipulation of the tumor during surgical intervention, [15] [16] [17] [18] fine-needle aspirations, 19 during colonoscopy, 20 and endorectal ultrasound. 21 The release of these cells is a potential concern on multiple levels, the least of which is influencing traditional CTC counts. As far as we know, CTC counts before and after open surgical resection in the operating room has not been performed in SCCHN. Our previously published SCCHN studies have used blood samples taken after surgical intervention.
The head and neck region is a highly vascularized tissue. A released cell, such as a CTC, potentially could enter circulation after physical manipulation during surgery, through lymphatics or veins that return blood to the superior vena cava to the right atrium and subsequently the ventricle of the heart. From the right side of the heart, this blood circulates to the lungs for oxygenation through a capillary network and then returns to the heart for pumping into arterial circulation where distal end organs again contain a capillary network before entering venous circulation and returning to the heart. A common assumption of CTC is that they are relatively large compared to normal peripheral blood cells; several methodologies to identify CTCs are based on size alone. 22, 23 With head and neck surgery, the first small vasculature that such a proposed released cell would encounter would be the capillary network in the lungs. It should be noted, however, as we have reported previously, that the relative size of the putative CTCs in our previous studies are similar in size to normal peripheral blood cells. Such cells may continue to repeatedly circulate around the body.
MATERIALS AND METHODS
This study was approved by the Institutional Review Board. Informed consent was obtained from patients who were undergoing surgical intervention at the Arthur G. James Cancer Hospital and Solove Research Institute and Comprehensive Cancer Center at The Ohio State University. Inclusion criteria were adults >18 years with histologically confirmed SCCHN undergoing an open surgical excision of the primary tumor. Exclusion criteria included patients with known metastases and any patient who received a blood transfusion intraoperatively. Peripheral venous blood samples were procured from 38 patients (total of 76 samples.) Five to 10 mL were collected in green-top BD Vacutainer tubes immediately before and after surgery while in the operating room. Each venous sample was collected from an extremity (arm or leg) where the intravenous fluids were not being administered and the initial 2 to 3 mL was drawn off and discarded to prevent contamination. A fresh syringe was then used to obtain the sample. The samples were stored at 4°C and were processed within 24 hours. Operators were completely blinded to the time point of the samples as well as the clinical and correlative information during the sample processing and CTC enumeration steps. The CTC enrichment process has been previously discussed in detail. 24 Briefly, the red blood cells were lysed using a lysis buffer and the remaining leukocytes were immunomagnetically labeled using anti-CD45 tetrameric antibody complex and dextrancoated magnetic nanoparticles (cat #18259; Stem Cell Tech, Vancouver, BC). The magnetically labeled cells were then passed through our optimized immunomagnetic separation system, to deplete a majority of the leukocytes. An aliquot of the enriched sample containing the CTCs was used for CTC enumeration. Cell suspension containing CTCs was stored in 10% neutral buffered formalin until further processing. Cells were cytospun onto a microscopic slide using a Shandon Cytospin instrument at 1800 rpm for 5 minutes. The cytospun slides were hydrated in phosphate-buffered saline before staining with anticytokeratin fluorescein isothiocyanate (FITC) antibody (1:10, Miltenyi Biotech, clone:CK3-6H5, 130-080-101) targeting cytokeratins 8, 18, and 19 for 30 minutes at 37°C before mounting with mounting media containing 4′,6′-diamidino-2-phenylindole (DAPI; Vector Laboratories, H-1500). Slides were observed under a Nikon 80i epifluorescent microscope equipped with band pass filters for diamidino-phenylindole (DAPI) and FITC emission, and cells that were positive for both FITC and DAPI and had high nuclear to cytoplasmic ratios were counted as CTCs. Images of the slides were taken using a Zeiss LSM510 confocal microscope. The number of CTCs per mL of peripheral blood was calculated. Blood samples were drawn from healthy volunteers or patients with benign conditions and processed in the same manner as a clinical sample. Statistical analyses were performed using GraphPad Prism version 6 (San Diego, CA). The D'Agostino and Pearson omnibus normality test was performed to test if the CTC counts before or after surgery were normally distributed. Wilcoxon matched-pair sign rank test was used to determine if there was a statistically significant difference between CTC numbers before and after surgery. Any p value ≤ .05 was considered statistically significant.
RESULTS
A total of 38 patients with SCCHN (mean age, 64.2 years; range, 51-83 years) who all underwent open surgical excision in the operating room, had their venous blood examined for CTCs. Men comprised 63% and women comprised 37% of the patients. The sites were 62% in the oral cavity, 15% in the oropharynx, and 23% in the larynx. Overall staging included: 14% stage 1; 20% stage 2; 26% stage 3; and 40% stage 4. Figures 1 and 2 display examples of enriched patient samples from a patient in which no change in putative CTC concentration was observed, and a second patient in which a large increase in CTC concentration was observed. Overall, as shown in Table 1 , CTCs were detected in 79.0% of patients before and after surgery. It was noted that 7.89% of patients had detected CTCs after surgical intervention when none were detected in the before sample. An additional 10.5% of patients had CTCs detected in sample before surgery, but not in the after surgery sample. The D'Agostino & Pearson omnibus normality test showed that the data were not normally distributed (p value < .0001 for both presurgery and postsurgery). Because the data were not normally distributed, a nonparametric Wilcoxon matched-pair sign rank test was performed to test for statistical significance. There was a significant difference in CTC counts using matched pairs analysis as a result of surgical intervention (2-tailed p value = .
0224). In particular, CTCs measured soon after surgery were significantly higher than CTCs measured before surgery (1-tailed p value = .0112). There was no correlation to age, sex, or overall stage of cancer. There was no correlation between CTCs and positive margins, disruption of tumor or aerodigestive tract, or length of surgery. It was found that 60.5% of patients had an increased number of CTCs after surgical intervention (see Figure 3) . The range of CTCs in the peripheral blood before/after surgical intervention from oral cavity, oropharyngeal, and laryngeal sites is shown in Figure 4 . None of the healthy control blood samples had similar, brightly stained, cytokeratin-positive cells, or cells with any morphology resembling CTCs.
DISCUSSION
There has been limited data on the impact of an intervention on SCCHN with regard to CTCs. Ramani et al 25 looked at the presence of cytokeratin (CK)-19 by reverse transcriptase-polymerase chain reaction before and after incisional biopsy of oral cavity squamous cell carcinoma. They found that, in the 10 patients studied, there was no dissemination of cancer cells after incisional biopsy in these patients. 25 A prior study by Kusukawa et al 26 demonstrated the detection of CK-19 reverse transcriptase-polymerase chain reaction in this same tumor site, and reported that dissemination of cancer cells into circulation does occur after an incisional biopsy. Although both of these studies looked at the presence of mRNA alone, neither had visual conformation of CTCs. Studies by Ohtake et al 27 have shown that an incision has caused increased lymph node metastasis in dimethylbenz [a] anthracene-induced tongue cancer in the hamster model; the incidence of regional lymph node metastasis increased by 65.9% after repeated incisions of the lesion. It is not clear what the clinical relevance of such findings is at this time.
It has been suggested that CTCs may be destroyed in the microvascular capillary networks by the host immune surveillance system, including macrophages and natural killer cells. 28 We have identified CTCs in the blood from the distal extremity venous system with patients with SCCHN undergoing open surgical resection +/− cervical lymphadenectomy, meaning that these CTCs have gone through a minimum of 2 capillary networks (likely circulating numerous times) before detection. The open surgical procedures ranged from approximately 90 minutes to 6 hours duration. As shown in Figures 1 and 2 , clumps of CTCs are seen postsurgery, but these aggregates likely would form intravascularly after passing through capillary circulation. The mechanisms by which this happens is not yet elucidated, but the CTCs in SCCHN are likely of similar size to circulating leukocytes. Some have reported that CTCs may be only transiently detectable, and that it is a dynamic and periodic event. 29 There are several unanswered questions with regard to timing of blood sample collection when any tumor-related intervention is performed, the location of venous blood sample collection with regard to the tumor location, and what clinical relevance exists. Each solid cancer should be individually investigated as the specific protocols of sample collection with invasive procedures may be critical and influence CTC detection. This is important as most published studies with CTCs in all solid cancers have not addressed this issue in the literature. Even within a specific type of cancer, like SCCHN, the tumor location may also influence identification of CTCs, as shown in Figure 4 . Another important concept to consider with respect to the concentration of these rare cells is the intravascular fluid balance in patients under general anesthesia during these surgical procedures. There is always an estimated blood loss that occurs. None of the patients in this study received any blood transfusion; however, all surgical patients had a positive fluid balance, indicating they received additional intravenous fluid (directly into a distal vein, unrelated to the location of the blood sample taken for this study), which increases blood volume several fold more than the estimated blood loss, resulting in hemodilution. Because of dilution of the blood, the concentration of CTCs/mL blood may be underestimated.
We have previously demonstrated some of the cells we are reporting as putative CTC in this study are also epithelial cell adhesion molecule negative, cytokeratin and vimentin positive, and can be further positive for epidermal growth factor receptor or CD44. 30 At this point, it is unclear what, if any, clinical significance can be associated with these changes in concentrations of putative CTC after surgery. Epithelial to mesenchymal transition may occur as cancer cells acquire a more aggressive migratory phenotype. [31] [32] [33] [34] It is possible that these surgically released CTCs are inherently different than CTCs that enter the intravascular space naturally. None of the 7.89% of patients who had CTCs detected postoperatively, not preoperatively, developed locoregional disease recurrence or distant disease recurrence. Further characterization of these CTCs identified before and after surgery, with multimarker analysis in combination with long-term clinical follow-up may yield a greater understanding of the role of surgically released CTCs in SCCHN.
CONCLUSIONS
A statistically significant increase in the CTC counts immediately after surgical intervention, while still in the operating room, was seen in patients with SCCHN. The timing of blood sample collection for such solid cancers that undergo surgical intervention, such as SCCHN, can potentially impact the number of CTCs identified. Although a prognostic blood test for CTCs could have important treatment and surveillance implications, the viability and clinical significance of potentially surgically released CTCs in SCCHN is still not known; it is possible that these cells have a different phenotype than CTCs that enter the intravascular space by other mechanisms. Representative patient with squamous cell carcinoma of the head and neck (SCCHN) sample with no change in circulating tumor cells/mL peripheral blood post-surgery (a) compared to pre-surgery (b), as determined by dual color immunofluorescent staining: green = cytokeratin; blue = diamidino-phenylindole. Representative patient with squamous cell carcinoma of the head and neck (SCCHN) sample demonstrating a 2.5-fold change in circulating tumor cells/mL peripheral blood post-surgery (a) compared to pre-surgery (b), as determined by dual color immunofluorescent staining: green = cytokeratin; blue = diamidino-phenylindole. Ladder plots displaying the number and degree of circulating tumor cell increase (left) and decrease (right) in pre-surgical and post-surgical specimens. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com] 
TABLE 1
Correlation between circulating tumor cell detection and the time of distal venous blood draw (presurgery or postsurgery) in 38 patients undergoing surgical intervention for squamous cell carcinoma of the head and neck. 
